We report the observation of whispering-gallery-mode lasers based on Er 31 -doped ZBLAN microspheres coupled with half-tapered and tapered optical fibers. A multimode lasing effect is observed at 1.56 mm when the taper diameters are properly adjusted so that their fundamental propagation constants match those of the resonant modes of interest. Overlap between the pump and the laser geometrical modes is optimized by pumping at 1.48 mm. © 2001 Optical Society of America OCIS codes: 140.3410, 140.3500, 140.3580, 140.5680. In the past few years, optical microspherical cavities have been the subject of numerous studies.
In the past few years, optical microspherical cavities have been the subject of numerous studies. 1, 2 In dielectric spheres light can be guided through whispering-gallery modes (WGMs). The unique combination of strong temporal and spatial confinement of light makes these systems of interest for a number of fundamental research 3 applications and an attractive new building block for fiber optics and photonics applications. A WGM is described by a polarization (TE or TM) and three quantum numbers, n, l, and m, that represent the radial, angular, and azimuthal mode numbers, respectively. To excite high-Q WGMs, one has to launch light from a phase-matched evanescent wave in an adjacent waveguide or a prism under total internal ref lection. For passive microspheres many coupling techniques, such as prisms, 4 half-block couplers, 5 tapered fibers, 6, 7 angle-polished fiber couplers, 8 and waveguides 9 have been experimentally demonstrated. For microspherical lasers, most couplings have been realized by use of free beams 10 or prisms. 11, 12 However, Cai et al. 13 recently demonstrated a 1.5-mm microspherical laser in Yb:Er-doped phosphate glass pumped at 976 nm and coupled with a fiber taper. In this Letter we present experimental results on microspherical lasers at 1.56 mm that are pumped at 1.48 mm by half-tapers and tapers for direct fiber coupling. Our experiments are focused on the transition 4 I 13/2 4 I 15/2 of Er:ZBLAN spheres, which has potential applications in telecommunications. Among the different pumping wavelengths that can be used 14 (810 nm, 975 nm, and 1.48 mm) we chose 1.48 mm to optimize the lasing process in our system. An optimized pumping wavelength leads to good overlap between the pumped and the lasing volumes in the microsphere. This overlap is also favorable for improving the coupling of the pump light from a tapered fiber while preserving eff icient collection of the laser light out of the sphere into the same fiber.
Using the method described by Knight et al., 6 we calculated how to choose the radius r of a tapered silica fiber so that its propagation constant, b f , matched the propagation constant b s of the WGMs at the surface of the Er:ZBLAN sphere for the pump and the laser wavelengths. We are interested in exciting the WGMs with the smallest mode volume, as they are most closely confined to the surface of the sphere and to the equator. These modes are characterized by the following conditions: lowest n, l . . n, jmj l. For sphere radii a $ 20 mm we can approximate the propagation constant, b s , of a mode ͑n, l, m͒ as b s kl͞x nlm ഠ l͞a, where the values of l can be calculated on the basis of asymptotic expressions 15 for WGM size parameters. Calculations show that for wavelengths l good coupling between the taper ͑b f ͒ and the sphere ͑b s ͒ modes can be obtained in only limited domains for taper radius r (characterized by N f ϳ 1.45) or for ZBLAN sphere radius a (characterized by N s ϳ 1.5). We find at l 1.56 mm an optimal sphere radius a op , 70 mm for any taper radius r. This result has to be compared with a op . 50 mm obtained for silica spheres, 6 where N s ϳ 1.45. We also find that the optimum radius, r op , of the taper should be such that r op , 0.5 mm for any a and N s ϳ 1.5 when the wavelength is 805 nm. Calculations show that for practical taper diameters ͑r ϳ 5 mm͒ a single taper or half-taper allows one to couple both fields into and out of the microspherical laser when the pump wavelength is close enough to that of the laser field. Figure 1 shows b f for the fundamental taper mode at wavelengths 1.48 and 1.56 mm as a function of f iber radius r. Results for the propagation constant b s of the WGMs, n 1, are plotted for different ZBLAN sphere radii ͑a 20, 30, 40, 50, 60 mm͒. We note that, for a sphere radius of 30 mm, good phase matching is obtained at 1.48 mm for a fiber radius of 1.76 mm and at 1.56 mm for a radius of 1.78 mm. The smaller the sphere radius, the better the phase matching for the two wavelengths.
The sphere fabrication was described previously. 16 The spheres were obtained by fusion of glass powders with a microwave plasma torch, and their ellipticities are ഠ1%. All results presented here were obtained with spheres doped with 0.2% by weight of erbium. The f irst f iber-coupling experiments were realized with half-tapered fibers that we obtained by heating and stretching standard telecommunication f ibers (single mode at 1.55 mm) until breaking, using a fusion optical splicing system. The drawn length was typically 850 mm, and the taper end was reduced to 1.5 mm in diameter. The experimental setup [ Fig. 2(a) ] was realized with standard f iber-optic components spliced or connected with APC connectors. Mounting Er:ZBLAN spheres on microtranslations brought the equator region in contact with the evanescent field surrounding the taper. The pump device was based on a multimode-f iber laser diode (maximum power, 100 mW) operating at 1.48 mm, an isolator that prevented feedback into the laser diode, a variable attenuator, and an X coupler at 1.48 1.55 mm. The X coupler allowed us to use the same f iber to pump and collect the f luorescence or the laser signal. The X coupler enabled us to have a pump reference that was separated from the laser signal, which was analyzed with a 0.1-nm-resolution optical spectrum analyzer. For any sphere diameter, the optical spectra of the lasers below threshold show an enhancement of the f luorescence intensity and a higher peak density than those obtained with a prism. These effects were observed in experiments involving the two coupling devices (prism and half-taper) for a sphere 53 6 1 mm in diameter. Results for the prism were similar (except for the free spectral range and all related mode separations, which were associated here with another sphere radius) to those presented in Ref. 12 .
For the same output power of the pump (36 mW) before the coupling device we obtained f luorescence peak intensities as great as 8 pW (prism) and 32 pW [half-taper; Fig. 3(a) ]. The taper is characterized by a conic geometry and a varying effective index. The evanescent field structure is thus more complicated than that obtained in the evanescent-f ield region of a prism. More modes can thus be excited in the sphere, which qualitatively justifies the large number of lines in Fig. 3 . We made an analysis similar to that used for excitation by a prism 12 for the f luorescence spectrum near 1.56 mm [ Fig. 3(a) ]. Mie theory 17 allows one to connect the diameter of the sphere with the free spectral range, Dn, of the cavity, which corresponds to the spacing between two adjacent modes that have the same polarization and the same n and l 2 jmj value but differ by one unit of l. The measured spacings Dn between two adjacent modes of the same series are 1200 6 25 GHz. The calculated spacing, Dn TE, TM FSR 3 p N s 2 2 1͞N s , between two adjacent modes ͑895 6 20 GHz͒ with the same quantum number but different polarizations is close to the measured spacing. This standard analysis shows that these series of peaks (75 peaks with 0.1-nm resolution) can be assigned to seven families of modes (instead of one predominant family when a prism is used), each of them having the same radial order n but different polarizations. We have reported only two periodic series Dn among the f ive families that led to laser oscillations. When the pump intensity was increased, we obtained multimode laser oscillations [ Fig. 3(b) ]. Another experimental feature concerns the polarization of laser modes. TE resonances have a penetration depth outside the sphere that is slightly greater than the TM modes and is associated with Fig. 2 . Experimental setups for coupling of an Er-ZBLAN microspherical laser at 1.56 mm with (a) half-tapered and (b) tapered fiber. In each setup the optical spectrum analyzer (OSA) was alternatively connected to 1͑m . 0͒ or 2͑m , 0͒ channels. LDs, laser diodes. Dn TE, TM .
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This effect amounts to an effective gap that is slightly smaller for TE modes, which makes optical tunneling of the pump light more efficient for TE modes, whereas TM modes preserve better Q and lower losses. These f indings are in agreement with results obtained with prism coupling. 1, 2, 12 This idea explains why one obtains preferentially TM-polarized laser modes (seven lines) and fewer TE modes. We obtained laser effects for sphere diameters from 50 to 95 mm. The light trapped in circling orbits occupied a spatially localized region on the microsphere surface that was greater than with prism coupling. This extension of the region occupied by modes may indicate that we excited jmj fi l modes in the sphere. We had no means to change the orientation of the half-taper, and this will be the subject of further investigation. For any tested spheres laser oscillations occurred in the spectral domain 1.54 1.6 mm, with a gap near 1.58 mm owing to the gain structure of Er 31 . A more accurate study of the modes after amplif ication by erbium-doped f iber amplif ication, filtering to isolate one mode, and self-heterodyne detection permitted linewidth measurements (Fig. 4) . Far from the laser threshold, linewidths of ഠ50 kHz were observed. Injection by a half-taper did not allow accurate measurements of pump light absorbed by the microsphere, and consequently we are not able to give the coupling efficiency of this device.
In a second set of experiments [ Fig. 2(b) ], excitation was provided through a classical taper fiber used as a filter in telecommunications. Using a single-mode tunable laser, we measured a coupling efficiency of 10%, which is more than enough for laser oscillations. This setup with the two couplers allowed us to observe laser light propagation clockwise ͑m . 0͒ and counterclockwise ͑m , 0͒. The spectrum presented here (Fig. 5 ) corresponds to negative m values. This coupling device has intermediate selectivity (a lower f luorescence peak density than with a halftaper), and only a few laser lines occur near 1.56 mm.
In conclusion, we have reported multimode laser oscillations at 1.56 mm in Er : ZBLAN microspheres with simple and single-coupling devices for pump and laser wavelengths. Modes with narrow linewidths can be obtained, which suggests that one can use such a compact but low-power source as a master laser to realize a spectrally pure transfer to a more powerful slave laser. 18 
